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Spermatogonial stem cells (SSCs) are at the foundation of the highly productive spermatogenic process that continuously produces male
gametes throughout postnatal life. However, experimental evaluation of SSCs in postnatal testes is complicated because these cells are
extremely rare and few defining morphology or biochemical characteristics are known. In this study, we used the spermatogonial
transplantation functional assay, combined with fluorescence-activated cell sorting (FACS) analysis to identify cellular, biochemical and
surface antigenic characteristics of SSCs in rat testes during development. Our results demonstrated that forward scatter (FSc)hi, side scatter
(SSc)hi, mitochondria membrane potential (DCm)lo, Ep-CAM+, Thy-1+, h3-integrin+ stem cells in neonate rat testes become SSclo, DCmhi,
Ep-CAM+, Thy-1lo, h3-integrin stem cells in pup rat testes. Furthermore, prospective identification of rat testis cell populations (Ep-
CAM+), highly enriched for SSCs (1 in 13 for neonate; 1 in 8.5 for pup) enabled us to predict the Thy-1 and h3-integrin status of stem cells in
neonate and pup testes, which was subsequently confirmed by transplantation analyses. Systematic characterization of SSCs enabled the
production of testis cell populations highly enriched (up to 120-fold) for SSCs and will facilitate future investigations of functional and
genomic characteristics.
D 2004 Elsevier Inc. All rights reserved.
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Stem cells in the male germline undergo dramatic
functional and morphological transformations during early
postnatal life, which result in the establishment of
spermatogenesis. In rats, quiescent gonocytes (primarily
T1 prospermatogonia) are the only germ cells present at
birth, and these cells are readily identified by their large0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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PA 15213, United States.size and characteristic location in the center of the
seminiferous tubules. Within a few days after birth,
proliferation resumes (marking the transition to T2
prospermatogonia) and some gonocytes develop pseudo-
pods, migrate to the seminiferous tubule basement
membrane, and give rise to adult-type spermatogonial
stem cells (SSCs; McCarrey, 1993) that are morpholog-
ically unremarkable. The SSC pool rapidly expands
during prepubertal testis development, producing one
new stem cell every 6 s (Ryu et al., 2003). At the same
time, spermatogonial stem cells give rise to progenitor
type A spermatogonia that are committed to differentiate,
but are morphologically indistinguishable from the stem
cells that produced them. Therefore, biological investiga-
tions of spermatogonial stem cells will rely in part on the
ability to identify them in heterogeneous testis cell
populations by unique molecular or functional character-274 (2004) 158–170
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cells in the rat testis are largely unknown and probably
change in concert with their morphology, location, and
function as spermatogenesis is established during prepu-
bertal testis development.
Experimental evaluation of stem cells in postnatal tissues
is complicated because these cells are extremely rare
(comprising 1 in 3333 cells of the adult mouse testis)
(Tegelenbosch and de Rooij, 1993) and few defining
morphological or biochemical characteristics are known.
However, stem cells of all types can be identified by their
functional capacity to self-renew and produce a differ-
entiated tissue. Therefore, development of a SSC trans-
plantation technique about 10 years ago provided a
functional endpoint that now enables investigators to
examine stem-cell activity in heterogeneous testis cell
populations (Brinster and Avarbock, 1994; Brinster and
Zimmermann, 1994). Male germline stem cells are the only
cells that can produce and maintain spermatogenesis
following transplantation into recipient testes. When com-
bined with fluorescence-activated cell sorting (FACS)
technology, the functional assay can be used to evaluate
stem-cell activity in subpopulations of testis cells that have
been fractionated based on specific cellular characteristics
(e.g., size, complexity, surface antigens). Systematic eval-
uation of adult mouse testis cells using this strategy has
identified male germline stem cells in a subpopulation
defined by low side scatter of incident light (SSclo) and the
surface characteristics, a6-integrin+, Thy-1+, CD9+, av-
integrin, c-kit, and MHC class I (MHC-I) (Kanatsu-
Shinohara et al., 2004; Kubota et al., 2003; Shinohara et al.,
2000).
Despite decades of morphological and physiological data
on rat spermatogenesis, comparatively little is known about
the molecular biology of rat SSCs. However, recent studies
have revealed that the rat testis has several advantages as a
model stem-cell system that is ripe for exploitation. For
example, adult rat testes have a higher concentration (9.5-
fold) and number (120-fold) of stem cells than adult mouse
testes (Orwig et al., 2002b); and stem cells can be isolated to
purity from newborn rat testes based on distinct morpho-
logical characteristics (Orwig et al., 2002a), providing a
valuable resource for biological investigation.
The current studies were guided by previous results in
mice as well as the dynamic biological changes known to
occur as gonocytes in the neonate testis differentiate into
spermatogonial stem cells in the prepubertal (pup) rat testis
(quiescent vs. proliferative, migratory vs. resident in the
stem-cell niche, large with distinct morphology vs.
bordinaryQ morphology). Changes in stem-cell size, shape,
and complexity were manifested as differences in forward
scatter (FSc) and side scatter (SSc) of incident light.
Differences in mitochondrial membrane potential (DCm)
might reflect the energetic state in quiescent vs. proliferative
cells; and cell surface characteristics were expected to
change as gonocytes migrate from the seminiferous tubulelumen and seed the stem-cell niche on the basement
membrane.Materials and methods
Donor rats and cell collection
Donor testis cells were obtained from neonate (0.5–5
days postpartum, dpp; day of birth is 0 dpp) and pup (8–
14 dpp) Sprague–Dawley (S/D) rats carrying a fusion
transgene composed of the mouse metallothionein I (MT)
promoter driving the expression of the lacZ structural
gene (Rhim et al., 1994) (a generous gift from R.
Hammer). The lacZ transgene is expressed in germ cells
derived from MT-lacZ donor rats and encodes a nuclear-
localized h-galactosidase protein. Donor-derived sperma-
togenesis is identified after transplantation into recipient
seminiferous tubules by staining with the h-galactosidase
substrate, 5-bromo-4-chloro-3-indolyl h-d-galactoside (X-
gal; Nagano et al., 1999). Single-cell suspensions from
neonate and pup donor testes were produced by
enzymatic digestion as previously described (Bellve´ et
al., 1977; Brinster and Avarbock, 1994; Ogawa et al.,
1997; Orwig et al., 2002a). Cells for transplantation were
suspended in culture medium [Minimum Essential
Medium-a (MEMa) supplemented with 10% fetal bovine
serum (FBS) and antibiotics (50 units/ml penicillin and
50 Ag/ml streptomycin)].
Cell staining with antibodies and JC-1
The dissociated testis cells were suspended (5  106
cells/ml) in Dulbecco’s PBS supplemented with 1% FBS/10
mM HEPES/1 mM pyruvate/antibiotics (50 units/ml pen-
icillin and 50 Ag/ml streptomycin)/1 mg/ml glucose (PBS-
S). Cells then were incubated with primary antibodies for
20 min on ice and washed twice with excess PBS-S, and
used for FACS analysis. Primary antibodies used in this
investigation were biotin-conjugated anti-Thy-1 (HIS51;
PharMingen), R-phycoerythrin (PE)-conjugated anti-h3-
integrin (2C9.G2; PharMingen), and anti-Ep-CAM (GZ1;
PickCell laboratories). All staining and washing were
performed with a similar protocol. For FACS analysis
using secondary reagents, cells were further incubated with
allophycocyanin (APC)-conjugated streptavidin (PharMin-
gen) for Thy-1 and Alexa Fluor 488-conjugated goat anti-
mouse IgG1 antibody (Molecular Probes) for Ep-CAM. For
FACS experiment with 5,5V, 6,6V-tetrachloro-1,1V, 3,3V-tetrae-
thylbenzimidazolylcarbocyanine iodide (JC-1, Molecular
Probes) staining, cells were incubated with JC-1 (10 Ag/ml
in 378C culture medium) with or without valinomycin (100
nM, Sigma) for 10 min at 378C and washed twice with
excess PBS-S. Control cells were not treated with antibodies
or JC-1. After the final wash, cells were resuspended (5 
106 cells/ml) in PBS-S containing 1 Ag/ml propidium iodide
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dark on ice until analysis.
Fluorescence-activated cell sorting
Flow cytometric analyses and sorting were performed
using a dual-laser FACStar Plus (BD Biosciences) equipped
with 488-nm argon and 633-nm helium neon laser made
available through the Cancer Center Flow Cytometry and
Cell Sorting Shared Resource at the University of Pennsyl-
vania. PE, Alexa Fluor 488, JC-1, and PI were excited at
488 nm, and emissions were collected with 530/30 for
Alexa Fluor 488 and J-monomer of JC-1, 575/26 for PE and
J-aggregate of JC-1, 610/20 for PI. APC was excited at 633
nm and emission was collected with 660/32. Cells were
sorted into 5-ml polypropylene tubes (Falcon 2063)
containing 3 ml of PBS-S. The sorted and unsorted control
cells were centrifuged and resuspended in 3 ml of culture
medium. The tubes were gassed with 5% CO2 and stored
overnight at 48C.
Recipient mice and transplantation procedure
On the day of injection, donor cells were resuspended in
culture medium and transplanted into immunological
compatible NCr nude (nu/nu, Taconic, Germantown, NY)
recipient mice that were treated with busulfan (44 mg/kg,
Sigma) at 4–6 weeks of age (Brinster and Avarbock, 1994;
Clouthier et al., 1996; Russell and Brinster, 1996).
Busulfan-treated recipient testes are virtually devoid of
endogenous germ cells, and approximately 10 Al of donor
testis cell suspension can be introduced per testis at the time
of transplantation, about 6 weeks after busulfan treatment,
resulting in 70–80% filling of the tubules in each testis
(Ogawa et al., 1997). Recipient mice were anesthetized by
Avertin injection (640 mg/kg, i.p.) for transplantation. The
Animal Care and Use Committee of the University of
Pennsylvania approved all experimental procedures in
accordance with The Guide for Care and Use of Laboratory
Animals of the National Academy of Sciences (Assurance
no. A3079-01).
Analysis of recipient testes
Testes of recipient mice were collected 2–3 months after
transplantation, stained with X-gal to visualize donor-
derived spermatogenesis (Nagano et al., 1999). Transgenic
donor spermatogonial stem cells are defined by their ability
to produce blue colonies of spermatogenesis in recipient
testes and each colony is clonally derived from a single stem
cell (Zhang et al., 2003). Differentiated germ cells cannot
produce and sustain colonies of spermatogenesis, and
endogenous germ cells do not express the lacZ transgene.
Colony number was counted by using a dissecting micro-
scope to evaluate donor-derived spermatogenesis in recip-
ient testes. The efficiency of the rat to nude mousespermatogonial transplantation is about 5%, based on
comparisons between transplantation results and morpho-
logical estimates of stem-cell number (Orwig et al., 2002a,b;
Ryu et al., 2003). Because the number of cells that could be
recovered and injected in each experiment varied, colony
number was normalized to 105 cells injected per testis.
Statistical analyses were performed by ANOVA, and
significant differences between means were determined by
Scheffe’s multiple comparisons test.Results
FACS analysis reveals cell size and complexity
characteristics of stem cells in the germline of neonate and
pup rats
To characterize the stem-cell populations of neonate and
pup rat testis cells, FACS analysis was performed. Initially,
the parameters of forward scatter (FSc) and side scatter
(SSc) of incident light were accessed on dispersed and
unstained populations of testis cells. FSc is an approximate
indicator of cell size, and SSc correlates with cell shape
and complexity. The FACS cell separation pattern was
divided into six fractions for the neonate based on the
characteristics of cell distribution and four fractions for the
pup (Fig. 1). Each fraction for the respective animal ages
was microinjected into the seminiferous tubules of busul-
fan-treated recipient nude mice to determine stem-cell
activity (Table 1).
Gonocytes are the only germ cells present in neonate rat
testes, and in vitro and in vivo studies demonstrate that these
cells are readily identified by their characteristic large size
(12–15 Am) and location in the seminiferous tubule lumen
(Li et al., 1997; Orth and Boehm, 1990; Orwig et al., 2002a;
van Dissel-Emiliani et al., 1989). Therefore, we expect to
find gonocytes in the cell fractions with high FSc. Func-
tional evaluations of stem-cell activity in each fraction by
transplantation analysis were consistent with this premise,
because 100% of stem-cell activity [Table 1; (4.0+1.5)/5.5]
was recovered in fractions G4 and G5, which containc5%
of neonatal testis cells with the highest FSc (Fig. 1A). Stem-
cell concentration was highest in fraction G4 of neonatal
testis cells (FSchi, SSchi), which contained 72.7% (Table 1,
4.0/5.5) of SSCs and was enriched 23.4-fold for SSCs
compared to unselected controls (Table 1, 166.1 vs. 7.1
colonies/105 cells transplanted).
Preliminary light scatter analyses of pup testis cells with
the same six gates used to evaluate neonate testis cells
demonstrated that stem cells were scattered among five
fractions (G2–G6). Therefore, we used a modified gating
strategy to analyze the size and complexity characteristics of
stem cells in the rat pup testis (Fig. 1B). Fractions G3 and
G4, collectively characterized as SSclo, contained 92.2%
[Table 1, (11.2+17.2)/30.8] of stem cells. The highest stem-
cell concentration (115.8 colonies/105 cells transplanted)
Fig. 1. Comparison of light-scattering properties of dispersed testis cells from neonate (A) and pup (B) MT-lacZ transgenic rats by flow cytometric analysis.
Cell size and complexity affect the relative forward scatter (FSc) and side scatter (SSc) of incident light, respectively, which are presented in arbitrary units on a
linear scale. PI+ (dead) cells were excluded before analysis. Each dot represents the FSc and SSc value for a single testis cell. Cells from A and B were sorted
into six and four fractions based on their light-scattering properties and transplanted into busulfan-treated nude mouse testes to evaluate their functional ability
to generate spermatogenesis (see Table 1).
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enriched 3.7-fold (115.8/31.6) for SSCs compared to
unselected controls (Fig. 1; Table 1). In contrast, stem-cell
activity in fraction G2 was somewhat lower than unselected
controls and G1 was nearly devoid of stem-cell activity (1.4
colonies/105 cells transplanted). Stem-cell activity was
essentially absent from the FSclo fraction (G1) of neonate
and pup rat testis cells; therefore, FSclo and dead (PI+) cells
were excluded before all subsequent FACS analyses.
EP-Cam
Ep-CAM (epithelial cellular adhesion molecule) is a
calcium-independent homophilic adhesion molecule that is
expressed in most epithelia and in carcinoma (Litvinov et
al., 1997) and has been recently used to isolate and culture
murine gonocytes and type A spermatogonia (van der WeeTable 1
Transplantation/colonization analysis of neonate and pup rat testis cells after FAC
Fractiona Neonate
Percentage of cells
recoveredb (%)
Colonies/105 cells
transplanted
Normalize
no. of colo
Control 7.1 F 2.5 (10)
G1 24.3 F 3.4 (3) 0.0 (12) 0.0
G2 4.8 F 0.8 (3) 0.0 (12) 0.0
G3 8.3 F 1.1 (3) 0.4 F 0.4 (12) 0.0
G4 2.4 F 0.0 (3) 166.1 F 30.3 (10) 4.0
G5 2.5 F 0.2 (3) 58.7 F 27.6 (10) 1.5
G6 55.1 F 2.6 (3) 0.0 (10) 0.0
Total fractionated 97.4 5.5
Values are mean F SEM. Number of observations is enclosed in parentheses.
a Unsorted neonate (0.5–5 dpp) and pup (9–12 dpp) testis cells were used as con
b Cell distribution as a percentage of PI neonate and pup testis cells fractionate
c Normalized no. of colonies was calculated by multiplying column 2 (% of cell
column 6.et al., 2001; Moore et al., 2002). Therefore, FACS analysis
was used to evaluate the expression of Ep-CAM in the
neonate and pup rat testis cells (Fig. 2). Ep-CAM+ (G2) and
Ep-CAM (G1) cell fractions from neonate and pup rat
testis cells were collected by flow cytometric sorting, and
each cell population was transplanted to evaluate sperma-
togonial stem-cell activity (Figs. 2A, B; Table 2). SSC
activity was detected almost exclusively in the Ep-CAM+
cell population in both neonate and pup testis cells, which
generated 384.7 F 55.7 and 590.0 F 96.6 colonies/105
cells, respectively (Table 2). Compared with unsorted cells
from neonate and pup rat testes, the concentrations of stem
cells in the Ep-CAM+ fractions were 69.9-fold (384.7/5.5)
and 11-fold (590/53.5) enriched in neonate and pup,
respectively. Ep-CAM+ populations contained 86.1% (Table
2, 3.1/3.6) of SSCs in neonate testis cells and 89.8% (47.8/
53.2) of SSCs in pup testis cells.S analysis by light scatter
Pup
d
niesc
Percentage of cells
recoveredb (%)
Colonies/105 cells
transplanted
Normalized
no. of coloniesc
31.6 F 9.3 (10)
6.5 F 2.8 (2) 1.4 F 1.4 (8) 0.1
11.0 F 1.3 (2) 20.5 F 7.7 (8) 2.3
9.7 F 1.0 (2) 115.8 F 21.4 (12) 11.2
70.6 F 2.4 (2) 24.4 F 6.4 (10) 17.2
97.8 30.8
trols. Fractions (neonate: G1–G6; pup: G1–G4) from Figs. 1A, B.
d by FACS.
s recovered)  column 3 (colonies/105 cells transplanted) and column 5 
Fig. 2. Flow cytometric analysis of neonate and pup rat testis cells for Ep-CAM expression. PI+ (dead) and G1 (Figs. 1A, B) cell fractions were excluded before
analysis. Neonate (A) and pup (B) testis cells were stained with Alexa Fluor 488-conjugated antibody to the Ep-CAM and examined in a flow cytometer. G1
was designated Ep-CAM; G2 was designated Ep-CAM+. Cells from each fraction were transplanted into busulfan-treated nude mouse testes to evaluate their
functional ability to generate spermatogenesis (see Table 2). (C–F) Staining profiles of Ep-CAM vs. Thy-1 (C, neonate; D, pup) and h3-integrin (E, neonate; F,
pup) are shown with quadrant statistics.
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Our analyses of Ep-CAM expression by neonate and pup
rat testis cells revealed that the majority of stem cells were
recovered in the Ep-CAM+ fraction and that the stem cells
were highly concentrated in these fractions (neonate, 70-
fold; pup, 11-fold). Therefore, experiments were designed to
determine whether prospectively identified Ep-CAM+ rat
testis cells could be used to predict additional stem-cell
characteristics.Thy-1 (CD90) is a glycoprotein of the immunoglobin
superfamily, which is expressed by a variety of stem cells,
including mouse SSCs (Baume et al., 1992; Beech et al.,
1983; Goldschneider et al., 1978; Jiang et al., 2002; Kubota
et al., 2003; Ling and Neben, 1997; Spangrude et al., 1988).
Therefore, Ep-CAM+ neonate and pup rat testis cells were
evaluated for Thy-1 expression. The results shown in Figs.
2C and D demonstrate that 100% of neonate (1.0/1.0) and
90% of pup (5.4/6.0) Ep-CAM+ rat testis cells also were
Thy-1+, suggesting that stem cells are Thy-1+.
Table 2
Spermatogenic potential of neonate and pup rat testis cells fractionated by Ep-CAM expression
Fractiona Neonate Pup
Percentage of cells
recoveredb (%)
Colonies/105 cells
transplanted
Normalized
no. of coloniesc
Percentage of cells
recoveredb (%)
Colonies/105 cells
transplanted
Normalized
no. of coloniesc
Control 5.5 F 1.0 (24) 53.5 F 9.9 (12)
Ep-CAM 99.1 F 0.1 (3) 0.5 F 0.2 (18) 0.5 91.8 F 0.9 (2) 5.9 F 2.4 (9) 5.4
Ep-CAM+ 0.8 F 0.0 (3) 384.7 F 55.7 (32) 3.1 8.1 F 0.8 (2) 590.0 F 96.6 (14) 47.8
Total fractionated 99.9 3.6 99.9 53.2
Values are mean F SEM. Number of observations is enclosed in parentheses.
a Unsorted neonate (3 dpp) and pup (8 dpp) testis cells were used as controls. Fractions from Figs. 2A, B.
b Cell distribution as a percentage of PI and FSchi (excluding G1 from Figs. 1A, B) of neonate and pup testis cells fractionated by FACS.
c Normalized no. of colonies was calculated by multiplying column 2 (% of cells recovered)  column 3 (colonies/105 cells transplanted) and column 5 
column 6.
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expression
A similar strategy was used to evaluate h3-integrin
expression by Ep-CAM+ neonate and pup rat testis cells. A
previous report demonstrated the presence of a5-, av-, and
h3-integrins on primordial germ cells (Anderson et al.,
1999a), which are the precursors of gonocytes in the
neonatal testes. We evaluated Ep-CAM+ neonate and pup
rat testis cells for h3-integrin immunoreactivity. In contrast
to the Thy-1 expression profiles, Ep-CAM+ neonate and pup
rat testis cells were divergent with respect to h3-integrin
expression. While 75% (0.9/1.2) of Ep-CAM+ neonate rat
testis cells also were h3-integrin+, only 5.9% (0.3/5.1) of
Ep-CAM+ pup testis cells were h3-integrin+, suggesting that
h3-integrin expression changes as gonocytes in the neonate
testis differentiate into spermatogonial stem cells in the pup
testis (Figs. 2E, F).
Functional confirmation of predicted Thy-1 and b3-integrin
expression by neonate and pup rat testis cells
Fractions designated Thy-1 (G1), Thy-1lo (G2), and
Thy-1hi (G3) were collected and transplanted to evaluate
spermatogonial stem-cell activity (Fig. 3; Table 3). The
results in Table 3 demonstrate that, relative to the
unselected controls (5.8 colonies/105 cell transplanted),
Thy-1lo (42.6 colonies/105 cells transplanted) and Thy-1hi
(139.2 colonies/105 cells transplanted) neonate rat testis cell
populations are enriched for spermatogonial stem cells.
While the Thy-1hi fraction contained the highest concen-
tration of SSCs, the normalized number of SSCs [(% of
total cells recovered/fraction)  (colonies/105 cells trans-
planted)] was similar in the Thy-1hi (6.3 colonies) and Thy-
1lo (6.9 colonies) fractions of neonate testis cells (Table 3).
No stem-cell activity was observed in Thy-1 neonate rat
testis cells. Therefore, the entire population of germline
stem cells is in a neonate testis cell population defined as
Thy-1+ (Fig. 3A, G2 + G3).
In contrast to the neonate, stem cells in rat pup testes
were more heterogeneous with respect to Thy-1 expression.
While the Thy-1lo fraction (G2) of rat pup testis cells had thehighest concentration of SSCs (151.6 colonies/105 cells
transplanted, 9.0% of total cells), the highest number of
stem cells (88.4% of total cells  40.6 colonies/105 cells
transplanted) was found in the Thy-1 fraction. These
results likely indicate that rat pup spermatogonial stem cells
exhibit low expression of Thy-1, and this cell population
was divided by the G1/G2 gating boundary. A few stem
cells were also recovered in the Thy-1hi fraction (G3) of rat
pup testis cells (Fig. 3B; Table 3).
Experiments were then designed to evaluate function-
ally h3-integrin expression in neonate and pup rat testis
cells. For these studies, we focused on Thy-1+ (Fig. 3A,
G2 + G3) neonate and Thy-1lo (Fig. 3B, G2) pup testis
cells fractions that are enriched for spermatogonial stem
cells (see Table 3). The results shown in Fig. 3C
demonstrate that almost all Thy-1+ neonate testis cells
also express h3-integrin, suggesting that stem cells are also
h3-integrin+. This premise was supported by transplanta-
tion analyses (not shown), demonstrating that germline
stem cells are in the h3-integrin+ fraction of neonatal testis
cells and not in the h3-integrin fraction. Because all
Thy-1+ neonatal testis cells were also h3-integrin+, h3-
integrin selection is not expected to provide additional
enrichment of SSCs. In contrast, the Thy-1lo population of
rat pup testis cells was fractionated neatly into h3-integrin
(Fig. 3D, G4) and h3-integrin+ (Fig. 3D, G5) fractions.
Stem-cell activity was found primarily in a population of
rat pup testis cells characterized as Thy-1lo, h3-integrin
(Fig. 3D, G4 and legend), which was enriched over 17-fold
for spermatogonial stem cells (352.5 colonies/105 cells
transplanted) compared to unselected controls (20.6 colo-
nies/105 cells transplanted). In contrast, the Thy-1lo, h3-
integrin+ population of rat pup testis cells contained a
lower concentration of stem cells (7.1 colonies/105 cells
transplanted) than unselected controls (Fig. 3D and
legend). Recipient testes transplanted with Thy-1lo, h3-
integrin and Thy-1lo, h3-integrin+ pup testis cells are
shown in Figs. 2E and F, respectively. These functional
results are consistent with the prospective in vitro
predictions, indicating that neonate rat testis cells are Ep-
CAM+, Thy-1+, h3-integrin+ and pup testis cells are Ep-
CAM+, Thy-1lo, h3-integrin.
Fig. 3. Flow cytometric analysis of neonate and pup rat testis cells for Thy-1 and h3-integrin expression. PI+ (dead) and FSclo (G1, Figs. 1A, B) cell
populations were excluded before analysis. Neonate (A) and pup (B) testis cells were stained with APC-conjugated antibody to the Thy-1 and examined in a
flow cytometer. Open histograms indicate cells stained with secondary antibody only. Cells were sorted into three groups based on Thy-1 immunoreactivity.
G1 was designated Thy-1, G2 was designated Thy-1lo, and G3 contained cells with high Thy-1 expression (Thy-1hi). Cells from each fraction were
transplanted into busulfan-treated nude mouse testes to evaluate their functional ability to generate spermatogenesis (see Table 3). Based on the transplantation
results, the stem cell enriched Thy-1+ fraction of neonate testis cells (A, G2 + G3) and Thy-1lo fraction of pup testis cells (B, G2) were evaluated for h3-
integrin expression (C, D). Cell distribution in percent of neonate testis cells (C) was Thy-1+, h3-integrin (G4), 1.8 F 0.2%, and Thy-1+, h3-integrin+ (G5),
18.8 F 2.9% (mean F SEM, n = 2). Distribution of pup testis cells (D) was Thy-1lo, h3-integrin (G4), 5.7 F 0.4% and Thy-1lo, h3-integrin+ (G5), 2.4 F
1.1% (mean F SEM, n = 2). The number of spermatogenic colonies of pup testis cells generated by 105 cells transplanted into recipient testes was as follows:
G4 = 352.5 F 53.4; G5 = 7.1 F 3.1; unsorted control cells = 20.6 F 6.1 (mean F SEM, n z 6). (E, F) Comparison of recipient testes 3 months after
transplantation of Thy-1lo, h3-integrin (E) and Thy-1lo, h3-integrin+ (F) pup testis cells. Individual blue tubules indicate colonies of spermatogenesis arising
from donor stem cells. Stain: X-gal. Scale bar = 2 mm.
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mitochondrial probes
Previous studies suggested that quiescent, long-term
repopulating hematopoietic stem cells have low mitochon-
drial activity (Kim et al., 1998; Okada et al., 1993;Spangrude and Johnson, 1990). We hypothesized that low
mitochondrial membrane potential (DCm) might be a
common characteristic of all stem cells, and tested this
hypothesis by incubating neonate and pup rat testis cells
with JC-1, which is a sensitive and reliable indicator of
mitochondrial membrane potential (Garner et al., 1997;
Table 3
Spermatogenic potential of neonate and pup rat testis cells fractionated by Thy-1 expression
Fractiona Neonate Pup
Percentage of cells
recoveredb (%)
Colonies/105 cells
transplanted
Normalized
no. of coloniesc
Percentage of cells
recoveredb (%)
Colonies/105 cells
transplanted
Normalized
no. of coloniesc
Control 5.8 F 1.0 (8) 24.1 F 4.8 (12)
Thy-1 78.9 F 3.2 (2) 0.0 (8) 0.0 88.4 F 1.3 (2) 40.6 F 8.3 (12) 35.9
Thy-1lo 16.1 F 0.5 (2) 42.6 F 16.3 (8) 6.9 9.0 F 0.9 (2) 151.6 F 41.0 (12) 13.6
Thy-1hi 4.5 F 2.5 (2) 139.2 F 40.5 (6) 6.3 1.9 F 0.2 (2) 1.4 F 1.4 (12) 0.0
Total fractionated 99.5 13.2 99.3 49.5
Values are mean F SEM. Number of observations is enclosed in parentheses.
a Unsorted neonate (3 dpp) and pup (12–13 dpp) testis cells were used as controls. Fractions from Figs. 3A, B.
b Cell distribution as a percentage of PI and FSchi (excluding G1 from Figs. 1A, B) of neonate and pup testis cells fractionated by FACS.
c Normalized no. of colonies was calculated by multiplying column 2 (% of cells recovered)  column 3 (colonies/105 cells transplanted) and column 5 
column 6.
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JC-1 is cationic dye that produces two fluorescence
emission peaks, which reflect the existence of two physical
forms of the dye. The monomer, the predominant form at
low concentration or low DCm, emits green fluorescence
(~525 nm). The J-aggregate, which is the predominant form
at high concentrations or high DCm, emits red fluorescence
(~590 nm). Therefore, increased DCm is indicated by an
increased red/green fluorescence intensity ratio.
The JC-1 stained neonate and pup testis cells were
divided into five fractions (G1–G5) to determine the relative
stem-cell activity according to the pattern of J-monomer
(green) and J-aggregate (red) (Fig. 4A, B). Cells from each
fraction were transplanted into the seminiferous tubules of
busulfan-treated nude mice. The results in Table 4 demon-
strate that, relative to the unselected control (10.1 colonies/
105 cells transplanted), fractions G3 (414.4 colonies/105
cells transplanted) and G4 (1208.7 colonies/105 cells trans-
planted) of neonate rat testis cell populations were enriched
41- and 120-fold for SSCs, respectively. These two cell
fractions contained 85.7% [(5.4 + 3.6)/10.5] of SSCs. The
cell fraction with the highest concentration of SSCs (G4)
had the lowest J-aggregate (red) to monomer (green)
fluorescence ratio, thus supporting the hypothesis that
gonocytes have low DCm. Stem-cell activity was minimal
or absent in fractions G1, G2, and G5 of neonate rat testis
cells.
In contrast to the neonate, stem cells in rat pup testes
(Fig. 4B) were more heterogeneous with respect to JC-1
fluorescence characteristics. The majority of stem cells
(80.1%, 63.1/78.8, Table 4) were in the fraction G2 (93.3
colonies/105 cells transplanted) that contained about a 2.5-
fold (93.3/37.8) higher concentration of stem cells than
unsorted controls (37.8 colonies/105 cells transplanted,
Table 4). Fraction G3 of pup testis cells had the highest
concentration of SSCs, but because this fraction comprised
only 5.5% of sorted cells, the overall number of stem cells in
fraction G3 was less than in fraction G2, which contained
67.6% of sorted cells. Although fraction G4 (69.1 colonies/
105 cells transplanted) was enriched ~1.8-fold for SSCs
compared to unsorted controls, this fraction contained only0.4% (0.3/78.8, Table 4) of stem cells. There was almost no
stem-cell activity in fractions G1 and G5. Based on these
results, SSCs in rat pup testes appear to have more active
mitochondria than their gonocyte precursors in neonate
testes.
The JC-1 cell fractions containing the highest concen-
tration of SSCs from neonate (Fig. 4A, G4) and pup (Fig.
4B, G3) were evaluated by light scatter in Figs. 4C and D.
The results demonstrate that the stem-cell enriched JC-1
fractions (neonate, G4; pup, G3) projected into light scatter
gates G4 (Fig. 4C, neonate) and G3 (Fig. 4D, pup) that were
shown in Fig. 1 to be enriched for SSCs.
Depolarization of mitochondrial membrane by treatment
with valinomycin caused a dramatic decrease in the red/
green fluorescence intensity ratio in JC-1-stained cells from
neonate (Fig. 4E) and pup (Fig. 4F) testes. Whereas 0.3%
(neonate) and 0.4% (pup) of JC-1-treated testis cells were
found in fraction G4 in the absence of valinomycin (Figs.
4A, B), 87.7% of neonate and 97.1% of pup testis cells were
observed in fraction G4 with valinomycin treatment (Figs.
4E, F). These results provide strong evidence that the red/
green JC-1 fluorescence characteristics of neonate and pup
rat testis cells reflect mitochondrial membrane potential.Discussion
Stem cells in the adult testis are rare, quiescent, and
indistinguishable from committed progenitor spermatogo-
nia, which hampers biological investigations. In contrast,
the character of stem cells in the early postnatal testis
changes dramatically such that during a few days, large,
morphologically distinct, quiescent, migratory gonocytes
develop into bnormal sizedQ, morphologically unremarkable,
proliferative spermatogonial stem cells. The dynamic
changes in the stem-cell population that occur when
spermatogenesis is initiated in the postnatal testis instructed
our efforts to identify corresponding molecular and cellular
characteristics of these rare and important cells.
In the newborn rat, gonocytes are the only germ cells
present and those with stem-cell potential can be identified
Fig. 4. Flow cytometric analysis of neonate and pup rat testis cells stained with JC-1. PI+ (dead) and FSclo (G1, Figs. 1A, B) cell populations were excluded
before analysis. (A, B, E, F) Relative J-monomer (green fluorescence) and J-aggregate (red fluorescence) are measured in arbitrary units on a log scale. Neonate
(A) and pup (B) testis cells were sorted into five fractions based on differences in JC-1 staining and transplanted into busulfan-treated nude mouse testes to
evaluate stem cell activity (see Table 4). Based on the transplantation results, stem cell enriched fractions of JC-1 stained neonate (A, G4) and pup (B, G3) testis
cells were evaluated for light-scattering characteristics (C, D). Cell distribution in percent of neonate and pup testis cells was as follows: neonate, G2 = 2.3%;
G3 = 10.5%; G4 = 73.1%; G5 = 1.3%; G6 = 12.8% (n = 1); and pup, G2 = 32.9%; G3 = 51.8%; G4 = 10.4% (n = 1). JC-1 staining patterns of neonate (E) and
pup (F) testis cells in the presence of valinomycin was as follows: neonate, G1 = 1.2%; G2 = 0.5%; G3 = 8.1%; G4 = 87.7%; G5 = 1.9% (n = 1); and pup, G1 =
0.3%; G2 = 0.3%; G3 = 0.5%; G4 = 97.1%; G5 = 1.5% (n = 1).
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with distinct pseudopods (Orwig et al., 2002a). These
unique cellular characteristics were reflected in the forward
scatter (FSc) and side scatter (SSc) of incident light, which
indicate cell size and shape/complexity, respectively,
because stem cells were highly enriched in a subpopulation
of newborn rat testis cells defined as FSchi, SSchi. This
population has a stem-cell concentration of about 1 in 30[166.1 colonies/105 cells H 5% transplantation efficiency
(see Materials and methods) = 3322 stem cells per 105 cells
transplanted], where each colony of spermatogenesis is
clonally derived from a single transplanted SSC (Zhang et
al., 2003).
It is important to emphasize the value of the rat model
and the early stage of germline development analyzed in
producing this result. Rat testes have a higher initial
Table 4
Spermatogenic potential of neonate and pup rat testis cells FACS separated by JC-1
Fractiona Neonate Pup
Percentage of cells
recoveredb (%)
Colonies/105 cells
transplanted
Normalized
no. of coloniesc
Percentage of cells
recoveredb (%)
Colonies/105 cells
transplanted
Normalized
no. of coloniesc
Control 10.1 F 3.1 (11) 37.8 F 8.6 (12)
G1 3.5 F 0.9 (3) 0.0 (12) 0.0 0.5 F 0.2 (3) 0.0 (10) 0.0
G2 83.7 F 1.6 (3) 1.8 F 1.2 (12) 1.5 67.6 F 4.3 (3) 93.3 F 15.6 (12) 63.1
G3 1.3 F 0.2 (3) 414.4 F 113.4 (12) 5.4 5.5 F 3.3 (3) 268.3 F 62.7 (14) 14.8
G4 0.3 F 0.0 (3) 1208.7 F 321.1 (16) 3.6 0.4 F 0.1 (3) 69.1 F 27.0 (10) 0.3
G5 10.2 F 1.3 (3) 0.0 (10) 0.0 23.0 F 2.0 (3) 2.8 F 2.4 (12) 0.6
Total fractionated 99.0 10.5 97.0 78.8
Values are mean F SEM. Number of observations is enclosed in parentheses.
a Unsorted neonate (3–4 dpp) and pup (8–14 dpp) testis cells were used as controls. Fractions from Figs. 4A, B.
b Cell distribution as a percentage of PI and FSchi (excluding G1 from Figs. 1A, B) of neonate and pup testis cells fractionated by FACS.
c Normalized no. of colonies was calculated by multiplying column 2 (% of cells recovered)  column 3 (colonies/105 cells transplanted) and column 5 
column 6.
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and fractionation of adult mouse testis cells by light scatter
FACS analysis in a previous study failed to identify a
population enriched for SSCs (Shinohara et al., 2000). In
fact, to achieve a stem-cell concentration of 1 in 30,
Shinohara et al. first performed a surgical cryptorchid
procedure to remove differentiating germ cells, in vivo (2
months), then used a combinatorial FACS analysis that
included light scatter (SSclo) and cell-surface staining (a6-
integrin+, av-integrin). This was a complex and lengthy
procedure, but achieved a significant enrichment of SSCs
(Shinohara et al., 2000). In the current study, using simple
light scatter analysis, 100% of stem-cell activity was
recovered in fractions G4 and G5, which contained the
~5% of neonate testis cells with the highest FSc (Fig. 1A,
Table 1). In contrast to the newborn rat testis, it proved more
difficult to fractionate stem cells from rat pup testes based
on light-scatter characteristics, consistent with the morpho-
logical assessments of spermatogonia at this stage of testis
development. While fraction G3 contained the highest
concentration of SSCs and this fraction was slightly
enriched (3.7-fold compared to unselected controls), the
majority of stem cells (55.8%, 17.2/30.8) were recovered in
fraction G4 with the main population of rat pup testis cells
(Fig. 1B, Table 1).
In addition to unique morphological properties, stem
cells in neonate testes migrate out from the seminiferous
tubule lumen through Sertoli cells to the basement
membrane. This migratory phenomenon is likely mediated
by cell adhesion molecules and is temporally restricted to
the first few days after birth because once spermatogenesis
is established, all germ cells move in the opposite direction,
toward the seminiferous tubule lumen. Ep-CAM is
expressed in embryonic and fetal germ cells, as well as
spermatogonia located at the periphery of postnatal semi-
niferous tubules, and may play a role in germ cell migration
and homing (Anderson et al., 1999b). Spermatogonial
differentiation is associated with loss of Ep-CAM expres-
sion, and it has been suggested that Ep-CAM plays a role incompartmentalizing the cells of the seminiferous epithelium,
with Ep-CAM+ spermatogonia segregating to the basement
membrane (Anderson et al., 1999b).
Using immunomagnetic bead separation and FACS,
investigators have recently demonstrated that spermatogonia
and gonocytes are found in the Ep-CAM positive fraction of
postnatal testis cells (Moore et al., 2002; van der Wee et al.,
2001). However, no functional tests were performed to
assess stem-cell activity in these studies. In the current
study, the transplantation analysis revealed that the majority
(86% and 90%) of stem-cell activity is in the Ep-CAM+
fractions of neonate and pup testis cells; and these fractions
contained stem-cell concentrations of 1 in 13 [(384.7
colonies/5% colonization efficiency)/105 cells transplanted]
and 1 in 8.5, respectively. Unlike the light-scatter results,
Ep-CAM expression is a characteristic that is shared by stem
cells in both neonate and pup rat testes, and this observation
is consistent with the suggestion by Anderson et al. (1999b)
that Ep-CAM plays a role in the migration/homing of stem
cells to the seminiferous tubule basement membrane.
Because the Ep-CAM+ fraction of neonate and pup testis
cells contained the majority of stem-cell activity and these
populations were highly enriched for stem cells, we
examined whether the Ep-CAM+ testis cells could be used
to prospectively elucidate additional characteristics of stem
cells in the male germline.
Embryonic and adult tissue stem cells are functionally
defined by their capacity to self-renew and produce differ-
entiated daughter cells. Therefore, stem cells from different
tissues and species are likely to have some common
molecular characteristics. Two candidate cell surface mol-
ecules identified on stem cells and/or germ cells in previous
studies are Thy-1 and h3-integrin. Thy-1 (CD90) is
expressed by HSCs, bone marrow-derived multipotent adult
progenitor cells (MAPCs), embryonic stem cells, and adult
mouse SSCs (Beech et al., 1983; Baume et al., 1992; Jiang
et al., 2002; Kubota et al., 2003; Ling and Neben, 1997;
Spangrude et al., 1988); and h3-integrin has been identified
on primordial germ cells (Anderson et al., 1999a), which are
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cytometry results (Fig. 2) indicate that the Ep-CAM+
fraction of rat neonate testis cells is Thy-1+ and h3-integrin+
(Figs. 2C, E), while the Ep-CAM+ fraction of rat pup testis
cells is Thy-1+ and h3-integrin (Figs. 2D, F), and these
results were subsequently confirmed by functional trans-
plantation analyses shown in Fig. 3 and Table 3. Therefore,
prospective analyses of testis cell populations enriched for
stem cells can be instructive for identifying candidate
molecular markers. However, until a pure stem-cell pop-
ulation is available, it is still necessary to confirm the
prospective results with a functional assay.
Based on these results, Thy-1 appears to be a conserved
stem-cell characteristic, while h3-integrin expression may
reflect developmental changes in the stem-cell population,
as gonocytes in the neonatal testis differentiate into
spermatogonial stem cells located on the seminiferous
tubule basement membrane in pup testes. Integrins play a
central role in the cell migration, both as receptors that
connect the extracellular matrix (ECM) to intracellular
cytoskeletal proteins, as well as receptors that transduce
information from the ECM to affect cell behavior (Clark and
Brugge, 1995; Damsky and Werb, 1992; Juliano and
Haskill, 1993; Schwartz and Ingber, 1994). In a trans-
endothelial migration assay, monocytes lacking h3-integrins
revealed weak migratory activity, whereas monocytes
expressing h3-integrins exhibited strong migration (Weer-
asinghe et al., 1998). Interestingly, h3-integrin is a ligand
for Thy-1 on astrocytes and promotes focal adhesion
formation, cell attachment, and spreading (Leyton et al.,
2001). Perhaps Ep-CAM, Thy-1, and h3-integrin collabo-
rate to mediate germ cell migration/homing during early
testis development and once the stem cell localizes to its
niche in the pup testis, the h3-integrin status changes
commensurate with decreased migratory activity.
Spermatogenesis is a highly productive process that
produces millions of mature spermatozoa each day. This
level of production requires an active amplification com-
partment that proceeds through about 12 population dou-
blings as progenitor spermatogonia differentiate into
functional sperm (Potten, 1992). Stem cells provide the
cellular input for the amplification compartment, but are
themselves probably relatively quiescent, a feature that may
be necessary to protect the integrity of the stem-cell genome
and the germline. Indeed, previous studies of bone marrow
cells demonstrated that long-term repopulating HSCs are
enriched in a subpopulation defined by low-intensity
staining with the vital mitochondrial dye, rhodamine (Rh)-
123, which might reflect reduced mitochondrial activation
status of quiescent HSCs (Kim et al., 1998; Okada et al.,
1993; Spangrude and Johnson, 1990). Because adult SSCs
are also slow-dividing cells (de Rooij, 1998), we hypothe-
sized that low mitochondrial membrane potential (DCm)
might be a common characteristic of all stem cells. JC-1 is a
mitochondrial-specific probe that is particularly sensitive to
changes in DCm in living cells (Garner et al., 1997; Reers etal., 1991; Salvioli et al., 1997; Smiley et al., 1991). In
contrast to Rh-123, JC-1 staining is strongly affected by
drugs that dissipate DCm, but unaffected by agents that
depolarize the plasma membrane, making JC-1 a reliable
probe for analyzing DCm changes by flow cytometry
(Salvioli et al., 1997).
The results shown in Fig. 4A and Table 4 demonstrate
that the neonate testis cell fraction with the highest
concentration of SSCs (G4) exhibited the lowest DCm
[low J-aggregate (red) to monomer (green) JC-1 fluores-
cence ratio]. Therefore, our results support the hypothesis
that relatively quiescent stem cells in the newborn rat testis,
and perhaps all stem cells, have low DCm. This population
was enriched 120-fold for SSCs (1208.7 colonies/105 cells
transplanted) compared with unselected control (10.1
colonies/105 cells transplanted), which corresponds to a
stem-cell concentration of ~1 in 4 [105 cells transplanted /
(1208.7 colonies/5% colonization efficiency)]. In contrast,
stem cells in rat pup testes were more heterogeneous with
respect to JC-1 fluorescence characteristics (Fig. 4B; Table
4). The majority of stem cells (80%, 63.1/78.8) were in the
populations, which showed relatively higher red fluores-
cence (G2; Fig. 4B; Table 4). Therefore, SSCs in rat pup
testes appear to have more active mitochondria than their
gonocyte precursors, which might reflect increased prolif-
erative activity as this population expands to fill the rapidly
increasing number of niches in the prepubertal rat testis
(Ryu et al., 2003).
Using FACS analysis to fractionate testis cells based on
specific cellular and biochemical characteristics and the
transplantation functional assay to quantify stem-cell activ-
ity in the various fractions enabled us to systematically
characterize stem cells in the developing rat testis. We took
advantage of the fact that rat testes have a higher
concentration and number of stem cells than mouse testes;
and the rapidly changing nature of germline stem cells
during early postnatal development allowed them to be
distinguished from the main testis cell population. The
results revealed that FSchi, SSchi, DCmlo, Ep-CAM+, Thy-
1+, h3-integrin+ stem cells in the newborn rat testis
differentiate into SSclo, DCmhi, Ep-CAM+, Thy-1lo, h3-
integrin stem cells in the pup rat testis. These molecular
characteristics correspond to changes in biological activity
as stem cells migrate, proliferate, and initiate spermato-
genesis in the 2 weeks after birth.Acknowledgments
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